Abstract
Introduction
Due to economic problems and depletion of world fossil fuel supplies, renewable energy development for power generation received many attentions. Fuel cells are one of the alternative energy resources that have recently attracted a great deal of attention. Fuel cell is a device that converts the chemical energy of a fuel directly to electrical energy. Fuel cell has higher energy storage capability and is a clean energy source [1] [2] [3] [4] . Fuel Cell can serve as an emergency energy source during long-term power outages. Among the various types of fuel cell, Proton exchange membrane (PEM) fuel cell is the most popular. PEM fuel cells show great promise for use in distributed generation electric vehicle applications. Compared with other distributed generation technologies, such as wind and photovoltaic (PV) generation, PEM fuel cells have the advantage that they can be placed anywhere within the distribution system, without geographic limitations, to achieve the best performance. In electric vehicles application, the increased desire for vehicles with less emission has made PEM fuel cells attractive for vehicular applications since they are essentially no pollutants emission and have high-power density and quick start [5] [6] [7] [8] .
PEM fuel cells are good energy sources to provide reliable power at steady state, but they have a slow response. This is mainly due to their slow internal electrochemical and thermodynamic responses [9] [10] [11] . In order to optimize the fuel cell system performance, a fuel cell DC-DC converters is needed to develop for various applications. Another important issue is the need for appropriate control of fuel cell DC-DC converter which can regulate the power flow and automatically adjust output voltage of the converters to avoid rapid load voltage variations, which may lead to a reduction of the power quality of the system. Based on the above issues, this paper proposes an approach for fuel cell DC-DC converter controller using dynamic evolution control. The controllers synthesis based on dynamic evolution control theory is presented. The dynamic evolution control exploits the nonlinearity and time-varying properties of the system to make it a superior controller. A comprehensive simulation analysis was conducted to verify the performance of the controller. The steady-state and transient response of the system is investigated.
Dynamic Evolution Controller Design for Fuel Cell DC-DC Converter 2.1 Fuel Cell DC-DC Converter System Model
A valid model for fuel cell and DC-DC Converter is introduced in [12] . Circuit of this model is illustrated in Figure 1 . The circuits consist of a fuel cell generator, the boost DC-DC converter and load. Using boost DC-DC converter, the provided output voltage to the load can be regulated to the required voltage. The output voltage can be controlled by change the duty cycle (d) of boost DC-DC converter. When the switch is opened, the inductor current cannot change instantly, so the diode becomes forward biased to provide a path for inductor current. Figure 3 shows the equivalent circuit of system when the switch is opened. Assuming that the output voltage V O is a constant, the voltage across the inductor is The average inductor voltage must be zero for periodic operation. Expressing the average inductor voltage over one switching period,
Solving for V O yields
The average duty cycle, D, is defined as the time relationship that the switch is on relative to the total switching period.
From (4) at steady state it can be verified that the gain ratio between output and input voltage becomes:
Synthesis of Dynamic Evolution Controller for Fuel Cell DC-DC Converter
The dynamic evolution control theory has been described in reference [3] and [4] . In dynamic evolution control, the dynamic characteristic of system is forced to make evolution by following an evolution path. With the selected evolution path is an exponential function as shown in Figure 4 , the value of the dynamic characteristic of system will decrease exponentially to zero by equation 
Synthesis process is done to obtain the control law that guarantees the dynamic characteristic of system decrease to zero by following the evolution path.
In 
where L is the inductance, C the capacitance, R the load resistance, Rearranging (6), the output voltage of converter can be written as:
The dynamic evolution synthesis of the controller begins by defining the state error function (Y). In power electronic application, Y can be selected as a function of error voltage or error current. Refer to [3] , with the selected Y is a linear function of error voltage as (11) 
The expression for duty cycle α is the control action for the converter controller. Duty cycle equation (12) forces the state error function Y to make evolution by following equation (6) and decrease to zero with a decrease rate m.
From (12), we can also see that the fuel cell voltage, output voltage and inductor current are involved in control output. The advantage is the dynamic evolution control can compensate all of variation in the fuel cell voltage and output voltage also the change of inductor current. It contributes to the better dynamic performance of the controlled system. Hence the voltage output of converter converges to the converters steady state:
Research Method
A complete fuel cell and DC-DC converter system with the proposed dynamic evolution control was modelled and simulated using MATLAB/Simulink simulation package. Overall Simulink model of the fuel cell system is shown in Figure 5 . In this work, a 65kW, 45V PEM Fuel Cell stack is used as power source. Nominal parameters of the used fuel cell stack in the simulation are given in Table 1 . In this work, the performace of fuel cell converter system is tested under step load change condition. This test aims to see the ability of the fuel cell converter to regulate output voltage during a sudden load change condition. Here the situation where the initial load is set to 20A. At time is 8 second, the load demad is sudently changes to 40A. This load change condition is done by closing the load switch on the simulation model. The control goal is to regulate output voltage, V O =100V. The reference voltage is set at 100V during the operation.
Simulation Result
A comprehensive simulation analysis was conducted to verify the fuel cell DC-DC converter system performance. The performance of dynamic evolution control under step load condition is tested through simulation by using MATLAB SIMULINK. The V-I and P-I characteristics of the used fuel cell are shown in Figure 6 , whereas the demanded load current for a period of time is in Figure 7 . The simulation waveform of fuel cell voltage and current are shown in Figure 8 , while the output voltage and load current are shown in Figure 9 .
The simulation waveform shown that when the step load changes condition occured, the fuel cell and load current are increase, but the DC-DC converter output voltage is still maintain in the same level. This condition indicates that the controllers accomplish to regulate the converter output voltage keep on steady-state at 100V reference. In the previous research [3] , [4] , the controller also has successfully controlled bidirectional DC-DC converter for interfacing ultracapacitor energy storage to fuel cell system. Therefore, the controller can be employed as alternative control for DC-DC converter.
Conclusion
This paper presents a dynamic evolution control for fuel cell DC-DC converter. The performance of dynamic evolution control under step load variation condition has been tested. From the simulation that have been done, the dynamic evolution control shown the advantages such as fast response and good transient performance. Simulation results show the dynamic evolution control law is insensitive to the input and parameter variations. The controller accomplishes to regulate the converter output voltage keep on steady-state at 100V reference.
